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Abstract 
Both on-ramps and off-ramps are typical bottlenecks in urban traffic system, where traffic congestions often appear. The system 
with an on-ramp and an off-ramp is regarded as the typical scenario to study the effect of the relative location of on-ramp and off-
ramp. The system can be classified into two types, the case with an upstream on-ramp and that with a downstream on-ramp. 
CTM (Cell Transmission Model) is used to model the system and calibrated by the data from the Beijing 3rd ring road. The 
results show traffic flow characteristics in the two systems are far different. Especially, for the system with a downstream on-
ramp, main road has the priority in the merge area, and CTM cannot describe traffic characteristics. Thus, by considering the 
priority, Mainline Priority CTM (MP-CTM) is presented to describe the characteristics. The simulation results suggest that MP-
CTM fits the empirical data from Beijing 3rd ring road.  
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1. Introduction 
Traffic congestion is a common issue in most of large cities. To understand the nature of congestions, theoretical 
traffic flow models have been developed and calibrated with empirical data. CTM is a famous traffic flow model 
presented by Daganzo (1994, 1995). In CTM, road is divided into homogenous cells. This model clearly describes 
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the interaction between neighboring cells. It relies on a sending function depending only on the state of upstream 
cells, and on a receiving function depending on the state of downstream cells. CTM provides an intuitively 
appealing and easy approach to deterministically describe how the number of vehicles in consecutive cells of a 
freeway evolves over consecutive time intervals. Based on the CTM, extended models have been developed to better 
depict the real traffic phenomena. By considering a non-concave density-flow relationship, Daganzo (1999) has 
presented LCTM (Lagged Cell Transmission Model) to enhance the modeling accuracy. However, there might 
appear some unrealistic phenomena, e.g. negative density and density higher than the jam value. To overcome this 
drawback, EL-CTM (Enhanced Lagged Cell Transmission Model) is presented by Szeto (2009). Muñoz et al. (2004) 
has used the number of vehicles instead of density to describe different length-cells and developed MCTM 
(Modified Cell Transmission Model), which makes the model more applicable. 
Ramps are important traffic facilities and typical bottlenecks in urban traffic. CTM and the extended models have 
been applied to ramp systems. Newell (1993a, 1993b, 1993c) assumed that ramp has a full priority so that the flow 
on it always bypasses any queue at a merge and experiences no delay. Though unrealistic to a certain extent, this 
model does make the simplified theory easy and elegant. Lebacque (1996) suggested that the distribution fraction of 
cells upstream a merge cell was proportional to the number of lanes. This model contains virtually all possible 
solution spaces. Motivated by reducing the cost of calibration, Jin and Zhang (2003) proposed a demand-based 
distribution scheme. Gomes et al. (2003, 2006, 2008) analyzed stability of ramp metering strategy in highway, 
acquired optimal solution of ramp metering strategy through Linear Programming, and proved that ramp control 
could decrease travel time. Saidi et al. (2010) applied CTM to calculate travel time, set travel time minimization as 
objective function, and sought the optimal methods in the existing ramp control strategies. 
Previous studies, e.g. Song et al. (2009), Zhao et al. (2007, 2008, 2011), showed that the location of on-ramp and 
off-ramp has an important influence on traffic characteristics. Based on empirical traffic data obtained in Beijing 3rd 
ring road, the CTM is validated and calibrated for various systems with an on-ramp and an off-ramp. The systems 
can be divided into two types, the case with an upstream on-ramp and that with a downstream on-ramp. It is found 
that the systems with a downstream on-ramp have larger capacities. For these systems, main road’s priority is 
considered when merging and the Mainline Priority CTM (MP-CTM) is presented to grasp the characteristics. The 
simulation results show that, MP-CTM can well depict traffic flow characteristics for the expressway ramp systems. 
2. Modeling and Calibrating of Ramp Systems on Beijing 3rd Ring Road 
In this paper, empirical data have been collected from Hang Tian Bridge north (Observation point 1), Hang Tian 
Bridge north (Observation point 2), Ma Dian Bridge east (Observation point 3), He Ping West Bridge west 
(Observation point 4) on Beijing 3rd ring road. Traffic data is obtained through Remote Traffic Microwave Sensor 
(RTMS) during 5:00-23:00 on May 13, 2010. All systems on these four observation points are ramp systems with an 
on-ramp and an off-ramp. The system can be classified into two types, the system with an upstream on-ramp and a 
downstream off-ramp (Fig 1(a)) which is called case A, and the opposite (Fig 1(b)) which is called case B. Systems 
on observation points 1 and 3 belong to case A and denoted by cases A1 and A2, respectively. While systems on 
observation points 2 and 4 belong to case B and denoted by cases B1 and B2, respectively. 
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Urban expressway
flow direction flow direction
off-ramp on-ramp
urban expressway
 
                                     ˄a˅                                                                    ˄b˅ 
Fig. 1. (a) Case A: the ramp system with an upstream on-ramp and a downstream off-ramp is located; (b) Case B: the ramp 
system with a downstream on-ramp and an upstream off-ramp is located 
 
2.1. Cell Transmission Model 
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x Link Model 
In CTM, road sections are divided into a series of homogenous cells. It is assumed that the flow and the density 
comply with the trapezoidal fundamental diagram, as shown in Fig. 2, where jamU , maxq , fv , w  respectively denote 
the jam density, maximum flow, free-flow velocity, and velocity of the backward shock wave. Then, flow-density 
relationship can be expressed as, 
 
maxmin{ , , ( )}f jamq v q wU U U                                             (1) 
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Fig. 2. The trapezoidal fundamental diagram of CTM 
 
The basic concept of CTM is to divide the road into homogenous cells (as shown in Fig. 3) and time into intervals, 
such that the cell length is equal to the distance traveled by free flowing traffic in one time interval. Then the flows 
are related to the current conditions at time t as indicated in Eq. (1). The vehicle number at time t+1 equals its 
vehicle number at time t, plus the inflow vehicles and minus the outflow vehicles, as in Eq. (2). 
 
i ii
flow direction
 Q
 
Fig. 3. Sketch map for link model of CTM 
 
1( ) min{ ( ), ( ), [ ( ) ( )] / }i i i i i ff t n t Q t w N t n t v                                                    (1) 
 
 
1( 1) ( ) ( ) ( )i i i in t n t f t f t                                                                   (2) 
 
Where, ( )if t is the inflow of cell i for time interval t, ( )in t is number of vehicles in cell i for time interval t, 
( )iQ t is the maximal allowable inflow of cell i for time interval t, ( )iN t is the maximal number of vehicles 
allowable in cell i for time interval t. 
In Eq. (1), the minimum value of the first two terms in the right side is the number of vehicles that cell i-1 can 
send for time interval t, and is denoted as 1 ( )iS t . Similarly, the minimum value of the last two terms is equivalent 
to vehicles that cell i can receive for time interval t, and is represented as ( )iR t . Eq. (1) can thus be rewritten as: 
 
1( ) min{ ( ), ( )}i i if t S t R t                                                                 (3) 
 
x Merge Model 
Fig. 4 shows vehicles of cell i in mainline upstream and vehicles of on-ramp cell i’ merging into downstream cell 
i+1. Assuming that, the total inflow of cell i+1 at time t is ( )inf t , and the inflow of cell i+1 from cell i and cell i’ are 
( )if t , ' ( )if t  respectively. ( )ip t , ' ( )ip t  are the inflow percentage of ( )if t and ' ( )if t  to ( )inf t , as denoted in Eq. 
(4). The outflow of cell i and cell i’ are calculated as follows, 
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( ) ( ) ( )i in if t f t p t , ' '( ) ( ) ( )i in if t f t p t                                                      (4) 
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Fig. 4. Sketch of the merge junction 
 
For the merge junction, the rules proposed by Jin and Zhang (2003) are applied in this paper. In this model, a 
demand-based distribution scheme is used as follows, 
 
'( ) ( ) / [ ( ) ( )]i i i ip t S t S t S t  , ' ( ) 1 ( )i ip t p t                                               (5) 
 
x Diverge Model 
For a diverge situation in Fig. 5, vehicles in mainline upstream cell i-1 enter into mainline downstream cell i and 
off-ramp cell i’. Assume that total outflow of cell i-1 for time interval t is ( )outf t , and inflow of cell i and cell i’ from 
cell i-1 are ( )if t , ' ( )if t  respectively. ( )ih t , ' ( )ih t  are percentage of ( )if t and ' ( )if t to ( )outf t , as represented in Eq. 
(7). ( )if t  and ' ( )if t  are calculated as follows, 
 
( ) ( ) ( )i out if t f t h t , ' '( ) ( ) ( )i out if t f t h t                                         (6) 
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Fig. 5. Sketch of the diverge section 
2.2. Calibration for Beijing 3rd Ring Road 
In CTM, four parameters need to be calibrated. They are free flow velocity, maximum flow, congestion back-
wave velocity, and jam density. Free flow velocity is the maximum velocity on road, where the interaction between 
vehicles can be neglected. In this paper, the average velocity at low density is set as free flow velocity. fv  is also the 
slope of flow-density curve in low density area. maxq  is the maximum value of the flux. The jam density and 
congestion back-wave velocity are estimated by using data during morning peak 8:00-9:00 by performing a least-
squares fit for the flow-density relationship. During this time period, nearly all data is located on the congestion 
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branch. w  is set as the absolute value of the slope of flow-density curve in high density area. The point where the 
high density region regression line crosses zero flow is considered as the jam density jamU .  
 
x Calibration Results 
The parameter calibration method mentioned above is applied to the 3rd ring road in Beijing. Aiming at different 
ramp distances and different relative ramp location cases, calibration results are shown in Table 1, respectively. 
 
Table 1. Parameters of CTM for different relative ramp location cases. 
Ramp case 
fv  
(kilometer/hour) 
maxq  
(vehicle/hour) 
w  
(kilometer/hour) 
jamU  
(vehicle/kilometer) 
Case A1 50.13 1523.89 10.38 209.39 
Case A2 49.67 1502.26 11.09 193.63 
Case B1 56.68 1812.44 12.93 197.36 
Case B2 53.22 1726.57 11.73 210.72 
 
From Table 1, we can see that, the case with the downstream on-ramp (cases B1 and B2) have the larger maximal 
flows. Therefore, we will focus on ramp systems with the downstream on-ramp in the following. 
3. Modified Cell Transmission Model for Different Road Situation 
For the downstream on-ramp case, by using parameters in section 2, these two road systems are simulated by 
using CTM. Fig. 6 shows the flow-density curves, and Table 2 gives the average standard deviation of flow under 
CTM for all density areas. 
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Fig. 6. Flow-density relationship and standard deviation of flow under CTM 
 
Table 2. Average value of standard deviation of flow under CTM 
Density range(vehicle/kilometer) Low region Medium region High region 
Standard deviation for case B1(vehicle/hour) 109.79 220.36 88.47 
Standard deviation for case B2(vehicle/hour) 75.54 231.73 110.53 
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Here we divide the density into low density, medium density and high density. Low density represents the density 
in free flow, medium density is the density near critical density with the maximal flux, and large density is the 
density with the obvious flux decease. According to Fig. 7 and Table 2, in medium density region, the simulation 
data have a lager deviation from the empirical data. In other density regions, the simulation data shows lower 
deviation from the empirical data. In addition, it should be noted that lots of low flow data points appear in the 
medium density region. It can thus be concluded that CTM can’t reflect real traffic phenomena well in this density 
area. 
 MP-CTM (Mainline Priority CTM) 
While vehicles from mainline upstream and on-ramp enter into mainline downstream simultaneously, vehicles 
from mainline upstream always have a priority to move. Thus, on the basis of rules proposed by Jin and Zhang 
(2003), priority parameter for mainline D ( 0 1Dd d ) is introduced. The new merge rule is given as, 
 
'
( )
( )
( ) (1 ) ( )
i
i
i i
S t
p t
S t S t
D
D D  
, ' ( ) 1 ( )i ip t p t                                            (7) 
 
In Eq. (7), if D =1, then ( )ip t =1, ' ( )ip t =0. For this situation, all vehicles on the mainline enter into downstream 
mainline first. If D =0, then ( )ip t =0, ' ( )ip t =1. All on-ramp vehicles have full priority, and enter the downstream 
cell first. We call this model as MP-CTM (Mainline Priority CTM). 
x Simulation Results with MP-CTM 
In order to investigate a road system with MP-CTM, the parameter D  should be calibrated in advance. By 
comparing the simulation data with the empirical data, the deviation is the smallest when D  is set as 0.6. Thus, D  
is set as 0.6 for cases B1 and B2 in the following simulations.  
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Fig. 7. (a) Flow-density diagram of scatter data; (b) average flow-density diagram; (c) standard deviation of flow for case B1; (d) 
Flow-density diagram of scatter data; (e) average flow-density diagram; (f) standard deviation of flow for case B2 
 
Table 3. Average standard deviation of flow under CTM and MP-CTM  
Density range(vehicle/kilometer) Low region Medium region High region 
Standard deviation for CTM(vehicle/hour) under case B1 109.79 220.36 88.47 
Standard deviation for MP-CTM(vehicle/hour) under case B1 111.72 123.19 82.46 
Standard deviation for CTM(vehicle/hour) under case B2 75.54 231.73 110.53 
Standard deviation for MP-CTM(vehicle/hour) under case B2 70.82 120.33 68.41 
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The flow-density diagram of scatter data, average flow-density diagram and standard deviation of flow are 
displayed in Fig. 7. Table 3 gives the average standard deviation of flow under CTM and MP-CTM for each density 
region. From Fig. 7 and Table 3, it can be seen that in medium density area, the standard deviation in MP-CTM 
decreases a lot. However, in other density regions, the simulation data have lower deviations from the empirical data. 
Thus, for the downstream on-ramp case, MP-CTM can reflect real traffic phenomenon near ramp better than CTM. 
4. Conclusions 
CTM is used to model the system with an on-ramp and off-ramp and calibrated by empirical data from Beijing 
3rd ring road. The results show that the location of ramps has a great impact on traffic characteristics and the system 
with a downstream on-ramp has a larger capacity. For the case with downstream on-ramp, main road’s priority is 
considered and MP-CTM (Mainline Priority CTM) is presented. The simulation results show that, in the medium 
area, MP-CTM can decrease the standard deviation of flow; meanwhile, MP-CTM can reduce the low flow data 
points and make the average flow be closer to the real one. As a conclusion, MP-CTM can both depict traffic 
phenomena near ramps. 
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